BTB Protein Keap1 Targets Antioxidant Transcription Factor Nrf2 for Ubiquitination by the Cullin 3-Roc1 Ligase by Furukawa, M. & Xiong, Y.
MOLECULAR AND CELLULAR BIOLOGY, Jan. 2005, p. 162–171 Vol. 25, No. 1
0270-7306/05/$08.000 doi:10.1128/MCB.25.1.162–171.2005
Copyright © 2005, American Society for Microbiology. All Rights Reserved.
BTB Protein Keap1 Targets Antioxidant Transcription Factor Nrf2 for
Ubiquitination by the Cullin 3-Roc1 Ligase
Manabu Furukawa and Yue Xiong*
Lineberger Comprehensive Cancer Center, Department of Biochemistry and Biophysics, and Program in Molecular
Biology and Biotechnology, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina
Received 20 August 2004/Returned for modification 17 September 2004/Accepted 21 September 2004
The concentrations and functions of many eukaryotic proteins are regulated by the ubiquitin pathway, which
consists of ubiquitin activation (E1), conjugation (E2), and ligation (E3). Cullins are a family of evolutionarily
conserved proteins that assemble by far the largest family of E3 ligase complexes. Cullins, via a conserved
C-terminal domain, bind with the RING finger protein Roc1 to recruit the catalytic function of E2. Via a
distinct N-terminal domain, individual cullins bind to a protein motif present in multiple proteins to recruit
specific substrates. Cullin 3 (Cul3), but not other cullins, binds directly with BTB domains to constitute a
potentially large number of BTB-CUL3-ROC1 E3 ubiquitin ligases. Here we report that the human BTB-Kelch
protein Keap1, a negative regulator of the antioxidative transcription factor Nrf2, binds to CUL3 and Nrf2 via
its BTB and Kelch domains, respectively. The KEAP1-CUL3-ROC1 complex promoted NRF2 ubiquitination in
vitro and knocking down Keap1 or CUL3 by short interfering RNA resulted in NRF2 protein accumulation in
vivo. We suggest that Keap1 negatively regulates Nrf2 function in part by targeting Nrf2 for ubiquitination by
the CUL3-ROC1 ligase and subsequent degradation by the proteasome. Blocking NRF2 degradation in cells
expressing both KEAP1 and NRF2 by either inhibiting the proteasome activity or knocking down Cul3, resulted
in NRF2 accumulation in the cytoplasm. These results may reconcile previously observed cytoplasmic seques-
tration of NRF2 by KEAP1 and suggest a possible regulatory step between KEAP1-NRF2 binding and NRF2
degradation.
Covalent conjugation of proteins by ubiquitin or ubiquitin-
like modifiers usually involves a cascade of three enzymatic
activities for activating (E1), conjugating (E2), and ligating
(E3) ubiquitin or ubiquitin-like modifiers to a substrate. The
E3 ubiquitin ligases contain two distinct functions: catalyzing
isopeptide bond formation and recruiting the substrate (15, 16,
22). Two major families of E3 ligases have been described; the
HECT domain family that is defined by its homology to E6-
associated protein carboxyl terminus (named HECT for ho-
mology to E6-associated protein carboxyl terminus) and the
RING family that contains either an intrinsic RING finger
domain or an associated RING finger protein subunit essential
for ubiquitin ligase activity (6, 35, 48).
Of several hundred RING finger proteins, ROC1 (named
ROC for RING of cullins; also known as Rbx1, Hrt1, and
SAG1) is uniquely linked with the ubiquitination of a poten-
tially large number of substrates (8, 20, 34, 37, 39, 41). Unlike
most other RING finger proteins, ROC1 (108 residues) is a
small protein with the RING finger taking up 60% of the
coding region. Extensive mutational analyses have demon-
strated the requirement of the integrity of the RING finger for
ubiquitin ligase activity (5, 20, 33, 34). Purified recombinant
ROC1 and ROC2 or their RING finger alone, like that of
APC11 (14, 26), are capable of activating E2-UbcH5 to syn-
thesize polyubiquitin chains in the presence of E1, and removal
of N-terminal sequences flanking the RING domain severely
reduced ROC1-cullin 1 (CUL1) binding, but not the catalytic
function of ROC1 (11). These results suggest that RING-E2
constitutes the catalytic core of the ubiquitin ligase and that
the cullins assemble productive E3 ligases by bringing the
RING-E2 catalytic core and substrates together.
The cullins are a family of evolutionarily conserved proteins,
which contains three related genes in budding yeast and fission
yeast and six related genes in worms, fruit flies, and humans
(23, 27). In addition, three additional proteins, APC2 in all
eukaryotes (47, 49), and PARC and CUL7 in mammals (7, 32),
contain significant sequence homology to cullins over a 180-
amino-acid region involved in binding with ROC1 or APC11.
A remarkable aspect of the cullins is that each individual cullin
can assemble into multiple distinct E3 ligases by interacting
with a protein motif present in multiple proteins.
To recruit specific substrates to CUL1-dependent ligases,
the cell utilizes an adaptor protein, SKP1. This adaptor binds
simultaneously to an N-terminal domain found in CUL1/
Cdc53p, but not other cullins (29), and to a conserved 40-
residue protein motif known as an F-box, which was first rec-
ognized in a study of cyclin F and two additional SKP1-binding
proteins. F-box proteins contain additional variable protein-
protein interaction modules and recruit various substrates, of-
ten phosphorylated, to the CUL1-ROC1 catalytic core (2, 9,
38, 51).
To recruit specific substrates to CUL2- and possibly CUL5-
dependent ligases, a different adaptor is used. A heterodimeric
adaptor complex containing elongins B and C binds simulta-
neously to an analogous N-terminal domain in CUL2 and a
conserved 40-residue protein motif, the SOCS box (named
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SOCS for suppressor of cytokine signaling), which was initially
identified in the suppressor of cytokine signaling family of
proteins. The SOCS proteins, via their additional protein-pro-
tein interaction modules, target various substrates differently
to the CUL2- or CUL5-ROC1 catalytic cores (19, 21, 40, 50).
Omitting the adaptor, CUL3 utilizes its N-terminal domain to
bind to a conserved 100-residue protein motif known as a BTB
domain (named BTB for Drosophila broad-complex C,
Tramtrack, and Bric-a-brac) which was first identified in the
Drosophila broad-complex C (BR-C), Tramtrack (Ttk), and
Bric-a-brac (Bab) proteins (53). BTB proteins, via additional
protein-protein interaction domains, then target potentially
different substrates to the CUL3-ROC1 catalytic core (10, 13,
36, 46). The presence of multiple substrate specificity factors—
mammals express more than 60 F-box, 40 SOCS, and 200 BTB
proteins—suggests that cullins may form by far the largest
family of E3 ligases and control the ubiquitination of a poten-
tially large number of substrates. The ability of each cullin-
dependent ligase to target the ubiquitination of a large number
of substrates may explain various physiological functions
linked with individual cullins, such as cell cycle regulation, cell
growth control, tumor suppression, and organism develop-
ment.
In response to oxidative stress and electrophiles, cells ex-
press different genes encoding antioxidative and phase II de-
toxification enzymes. Induction of these genes is regulated
largely at the level of transcription, mediated by the antioxi-
dant response element (ARE). The transcriptional activator
Nrf2 is a key regulator that interacts with the ARE and is
negatively regulated in nonstressed cells by a 75-kDa Kelch-
BTB protein, Keap1 (named Keap1 for Kelch-like ECH-asso-
ciated protein 1) (31). Targeted deletion of the mouse Keap1
gene resulted in a constitutive accumulation of Nrf2 protein in
the nucleus, activation of Nrf2 target genes, and postnatal
lethality (in 21 days) that could be rescued by deleting the
Nrf2 gene also (43). These results establish Keap1 as a major
regulator of Nrf2 and Nrf2 as a major downstream target of
Keap1. The molecular mechanism by which Keap1 negatively
regulates Nrf2 function remains incompletely understood. Two
different views—sequestering NRF2 in the cytoplasm and pro-
moting NRF2 degradation—are currently being pursued (17,
28). In this paper, we tested the idea that Keap1 may exert its
inhibitory activity toward Nrf2 by targeting it for ubiquitination
by the CUL3-ROC1 ligase and subsequent proteasomal deg-
radation.
MATERIALS AND METHODS
Plasmids, antibodies, and chemicals. Plasmids expressing wild-type human
CUL3 and CUL3 in which the N-terminal 41 residues had been deleted and
human ROC1 were described previously (10, 33). Human Nrf2 and Keap1 cDNA
were cloned by PCR amplification from a HeLa cell cDNA library and verified
by DNA sequencing. Mutations were introduced by site-directed mutagenesis
using the QuikChange site-directed mutagenesis kit (Stratagene) and verified by
DNA sequencing. Antibodies to CUL3 (10), ROC1 (34), hemagglutinin (HA)
(12CA5; Boehringer-Mannheim), Myc (9E10; NeoMarker), T7 (Novagen),
FLAG (M2; Sigma), NRF2 (C-20 and H-300; Santa Cruz), KEAP1 (E-20; Santa
Cruz), actin (C-11; Santa Cruz), and glutathione S-transferase (GST) (B-14;
Santa Cruz) were previously described or purchased commercially. MG132 (Pep-
tides International, Louisville, Ky.), and cycloheximide (Sigma) were purchased
commercially.
Cell culture, transfection, and immunoprecipitation. HeLa and 293T cells
used in this study were cultured in Dulbecco’s modified Eagle medium (Gibco-
BRL) supplemented with 10% fetal bovine serum (Sigma) in a 37°C incubator
with 5% CO2. Cell transfection was performed by using the FuGENE 6 (Roche)
transfection reagent according to the manufacturer’s instructions (for HeLa
cells) or by using calcium phosphate buffer (for 293T cells). Except where
indicated, cells were lysed with Nonidet P-40 (NP-40) lysis buffer (50 mM Tris-
HCl [pH 7.5], 150 mM NaCl, 50 mM NaF, 0.5% NP-40, 1 mM Na3VO4, 1 mM
dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF], 25 mg of
leupeptin per liter, 25 mg of aprotinin per liter, 150 mg of benzamidine per liter,
10 mg of trypsin inhibitor per liter). Procedures for immunoprecipitation and
immunoblotting have been described previously (11, 12).
Fluorescence microscopic analyses. Full-length Nrf2 and Keap1 cDNA were
cloned into pEGFP-C1 and DsRed2-C1 (Clontech), respectively. Transiently
expressed green fluorescent protein (GFP)-NRF2 and DsRed-KEAP1 in live
cells were analyzed with an Olympus IX70 microscope fitted with appropriate
fluorescence filters.
GST fusion protein pull-down assay. Full-length human Keap1 and Nrf2
cDNA were cloned into pGEX and pET-His vectors, respectively. The six-
histidine (His6)-tagged fusion proteins were purified with Ni-nitrilotriacetic acid
(NTA) agarose (QIAGEN) after induction with 0.4 mM isopropyl-1--D-galac-
topyranoside (IPTG) for 4 h in exponentially growing Escherichia coli
BL21(DE3) cells cultured at 30°C. GST or GST fusion proteins were purified
with glutathione agarose (Sigma) after induction with 0.4 mM IPTG for 24 h in
exponentially growing E. coli XL1-Blue cells cultured at 20°C. One microgram of
purified His6-tagged fusion proteins were incubated with 1 g of purified GST or
Keap1-GST fusion proteins immobilized on the glutathione agarose in buffer A,
which contains 50 mM Tris-HCl (pH 7.5), 1 mM EDTA, 120 mM NaCl, 10%
glycerol, 0.5% NP-40, 1 mM DTT, 0.5 mM PMSF, and 1 mg of bovine serum
albumin. After 1 h incubation at room temperature, the glutathione agarose
beads were washed with buffer A three times and resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by immuno-
blotting with anti-GST, anti-NRF2, or anti-CUL3 antibodies.
Ubiquitin ligase activity assay. The procedures for the ubiquitin ligase activity
assay were performed as previously described (11, 12). Briefly, 293T cells were
cotransfected with plasmids expressing Myc-tagged CUL3, T7-tagged KEAP1,
and HA-tagged ROC1. Twenty-four hours after transfection, cells were lysed and
immunoprecipitated with an anti-Myc antibody. Myc-CUL3 immunocomplexes
immobilized on protein A-agarose beads were incubated with 1 g of purified
His-FLAG-tagged Nrf2 in a ubiquitin ligation reaction mixture (final volume, 30
l) containing 50 mM Tris-HCl (pH 7.4), 5 mM MgCl2, 2 mM NaF, 10 nM
okadaic acid, 2 mM ATP, 0.6 mM DTT, 1 g of His6-tagged ubiquitin, 60 ng of
E1 (Boston Biochem), and 300 ng of E2-UbcH5c at 37°C for 1 h. The reaction
was terminated by boiling for 5 min in a SDS sample buffer containing 0.1 M
DTT, and the proteins were resolved by SDS-PAGE, followed by immunoblot-
ting with an anti-FLAG antibody.
RNA interference. The desired 19- or 27-bp stem-loop RNAs were expressed
from the pHTPsiRNA vector (a gift from Bill Reed [University of North Car-
oling at Chapel Hill]) driven by the human H1 gene promoter. The vector also
contains a simian virus 40 promoter that drives transcription of a puromycin
N-acetyltransferase gene conferring puromycin resistance. Vectors expressing
the hairpin RNAs were transfected into 293T cells, and cells were selected with
1 g of puromycin per ml for 3 days before lysis. The target sequences were
5-GUCGUAGACAGAGGCGCAA-3 (for Cul3) and 5-CAUGAACGGUGC
UGUCAUGUACCAGAU-3 (for Keap1)
RESULTS
NRF2 is ubiquitinated, has a short half-life, and is degraded
by a proteasomal pathway. Two different models have been
proposed to account for Keap1-mediated inhibition of Nrf2
function; KEAP1 binds to and sequesters NRF2 in the cyto-
plasm (17), and KEAP1 promotes NRF2 ubiquitination and
subsequent degradation by a pathway yet to be identified (18,
28). The discovery that the BTB domain binds to CUL3 and
may function to recruit substrate proteins to the CUL3-ROC1
ligase promoted us to test the idea that KEAP1 protein may
target NRF2 for ubiquitination by the CUL3-ROC1 ligase. We
first determined the half-life and sensitivity to proteasome-
mediated degradation of ectopically expressed NRF2 protein.
FLAG-tagged NRF2 was ectopically expressed in 293T cells
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and as endogenously expressed NRF2, exhibited two bands
(see Fig. 5 below). The nature of these two forms is not known
at present. The half-lives of both forms of ectopically expressed
FLAG-tagged NRF2, as determined by cycloheximide-medi-
ated pulse-chase experiments, were less than 30 min (Fig. 1A,
top panel, lanes 1 and 4). Inhibition of the 26S proteasome by
the addition of a proteasome inhibitor, MG132, effectively
stabilized NRF2 (Fig. 1A, bottom panel). An in vivo ubiquiti-
nation assay demonstrated that ectopically expressed NRF2-
FLAG protein is efficiently polyubiquitinated and that inhibi-
tion of 26S proteasome by MG132 accumulated both
unmodified NRF2 as well as polyubiquitinated NRF2 (Fig.
1B). These results demonstrated that NRF2 is a short-lived
protein and is degraded, in large part, by the 26S proteasome
through a yet-to-be identified ubiquitin-dependent pathway.
Our results support the view that controlling the stability of
NRF2 contributes to, if not is primarily responsible for, nega-
tive regulation of Nrf2 (28).
KEAP1 promotes NRF2 degradation. To determine how
KEAP1 regulates the stability and subcellular localization of
NRF2, we coexpressed these two proteins and determined the
effect of KEAP1 on NRF2 protein stability. We first confirmed
the KEAP1-NRF2 association by coupled immunoprecipita-
tion and Western blotting (IP-Western). As shown in Fig. 2B,
when these two proteins were coexpressed, a KEAP1-NRF2
complex was readily detected in cells treated with proteasome
inhibitor MG132 but barely detected in untreated cells (data
not shown). This observation is consistent with the hypothesis
that KEAP1-NRF2 association may represent an intermediate
complex that is rapidly degraded or dissociated in a 26S pro-
teasome-dependent manner. Confirming the results of a pre-
vious report (25), deletion of four amino acids (ETGE) or a
substitutive mutation at residue 82 (E82G) both substantially
reduced the binding of NRF2 with KEAP1 (Fig. 2A and B).
Coexpression with wild-type KEAP1, but not either mutant of
KEAP1, considerably reduced the steady-state level of NRF2
(Fig. 2C).
To determine how KEAP1 may affect the subcellular local-
ization of NRF2, we fused NRF2 with GFP and KEAP1 with
DsRed and examined the expression and localization of both
proteins in live cells by fluorescence microscopy. GFP-NRF2,
when singly expressed, localized predominantly in the nucleus
and also exhibited visible cytoplasmic staining (Fig. 2D).
KEAP1-positive cells, on the other hand, exhibited a clear
fluorescence pattern of nuclear exclusion, indicating that
KEAP1 was localized mostly in the cytoplasm. When coex-
pressed with KEAP1, the GFP signals were substantially re-
duced, consistent with a role of KEAP1 in promoting NRF2
degradation. Only after a long exposure could we detect GFP
signals, localized mostly in the cytoplasm of a fraction of
KEAP1-expressing cells (Fig. 2D). Treatment of cells with
MG132 significantly increased the GFP signals in KEAP1-
expressing cells, mostly localized in the cytoplasm (data not
shown; discussed below also). These results suggest that, in
FIG. 1. NRF2 is rapidly ubiquitinated and degraded by proteasomes. (A) 293T cells were transfected with the plasmid expressing FLAG-tagged
NRF2 (NRF2-FLAG). Twenty-four hours after transfection, cells were treated first with MG132 (25 M) or dimethyl sulfoxide (DMSO) for 5 h
and then with cycloheximide (CHX) (75 g/ml) for periods of time ranging from 10 min to 6 h. Cells were lysed, and 50 g (lane 1) or 100 g
(lanes 2 to 7) of total lysates were resolved by SDS-PAGE, followed by immunoblotting (IB) with anti-FLAG (-FLAG) or antiactin (-Actin)
antibodies. (B) 293T cells were transfected with the indicated plasmids expressing FLAG-tagged NRF2 and HA-tagged ubiquitin (HA-Ub). Twenty
hours after transfection, cells were treated with MG132 (25 M) for 2 h prior to cell lysis. Cells were lysed in a SDS lysis buffer and boiled for
15 min. Lysates were then diluted with NP-40 lysis buffer and immunoprecipitated (IP) with anti-FLAG antibody. The washed immunoprecipitates
and 50 g of lysates were resolved by SDS-PAGE, followed by immunoblotting with anti-HA and anti-FLAG antibodies, respectively.
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FIG. 2. KEAP1 promotes NRF2 degradation. (A) Schematic illustration of NRF2 protein and mutations characterized in this study. BZIP,
basic region leucine zipper; aa, amino acids. (B) 293T cells were cotransfected with the plasmids expressing HA-tagged KEAP1 (HA-KEAP1) and
Myc-tagged NRF2 (Myc-NRF2) (wild-type [WT] or mutant NRF2). Twenty hours after transfection, cells were treated with MG132 (25 M) for
4 h prior to lysis, and the NRF2-KEAP1 association was examined by IP-Western. IB, immunoblotting; -Myc, anti-Myc antibody; -HA, anti-HA
antibody. (C) HeLa cells were cotransfected with the plasmids expressing HA-tagged KEAP1 and FLAG-tagged wild-type or mutant NRF2.
Twenty-four hours after transfection, cells were lysed, and lysates (0.1 mg) were resolved by SDS-PAGE, followed by immunoblotting (IB) with
anti-FLAG (-FLAG) or anti-HA antibodies. (D) GFP-tagged NRF2 was transfected to HeLa cells either alone or with the plasmid expressing
DsRed-tagged KEAP1. Twenty-four hours after transfection, the levels of expression of GFP-NRF2 and DsRed-KEAP1 were examined by
fluorescence or phase-contrast microscopy.
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HeLa cells, KEAP1-NRF2 interaction leads primarily to NRF2
protein degradation, not cytoplasmic sequestration, that the
cytoplasm is most likely where KEAP1 promotes NRF2 deg-
radation, and that when KEAP1-mediated NRF2 degradation
is inhibited, NRF2 is accumulated or sequestered in the cyto-
plasm.
Via its BTB domain, KEAP1 binds to the N-terminal region
of CUL3. It has previously been demonstrated that CUL3, but
not other cullins, utilizing a N-terminal sequence analogous to
the SKP1-binding region in CUL1, binds to the BTB domain,
which is present in multiple proteins (10, 13, 36, 46). To di-
rectly test the possibility that KEAP1, a BTB-Kelch protein
(Fig. 3A), may interact with CUL3, we coexpressed both pro-
teins and examined their association by IP-Western. A
KEAP1-CUL3 association was readily detected (Fig. 3E, lane
3). Deletion of the BTB domain from KEAP1 abolished its
binding with CUL3 (Fig. 3E, lane 4), demonstrating that the
BTB domain is required for KEAP1-CUL3 binding. Crystal-
lographic structure analysis revealed that the BTB domain of
human promyelocytic leukemia zinc finger (PLZF) protein and
SKP1 adopt similar three-dimensional structures (1, 51). We
introduced a triple alanine substitution mutation, V123A,
I125A, and G127A, into residues in the third -sheet and a
double mutation, M161A and Y162A, in the fourth -helix of
KEAP1 (S3H4) (Fig. 3B), which correspond to the residues in
SKP1 that contact with CUL1. The S3H4 mutant completely
lost its ability to bind with CUL3 (Fig. 3E, lane 5), further
supporting the conclusion that the BTB domain of KEAP1
mediates the binding with CUL3.
Two hydrophobic helical surfaces in the N-terminal regions
of CUL1, H2, and H5, pack with hydrophobic and polar resi-
dues from SKP1 to form a large interface (Fig. 3C). The N-
terminal regions of other cullins form similar H2 and H5 he-
lices, which contain residues that are invariably conserved in
orthologues but are different in paralogues (51). This suggests
that other cullins could use analogous protein-binding sites in
their N-terminal regions to associate with different adaptors,
thereby conferring different specificities. Deletion of the N-
terminal 41 residues from CUL3 (from Trp34 to Tyr74
[CUL3N41]) removed the entire H2 helix and abolished
CUL3’s binding with KEAP1 (Fig. 3E, lane 6). To further
confirm the binding of KEAP1 to the N-terminal region in
CUL3, we introduced a quaternary alanine substitution muta-
tion in the H2 (52LSFE55) helix and a double mutation in the
H5 (Y125 and R128) helix (CUL3H2H5m) (Fig. 3D). The
CUL3H2H5m mutant, like the CUL3N41 mutant, completely
abolished CUL3’s association with KEAP1. As a result of both
observations together, we conclude that KEAP1 and CUL3
bind to each other via the BTB domain in KEAP1 and the
N-terminal sequence in CUL3, respectively.
KEAP1 binds to both NRF2 and CUL3 directly. Detection
of KEAP1-NRF2 and KEAP1-CUL3 associations in vivo in
FIG. 3. BTB domain in Keap1 binds to the N terminus of CUL3. (A) Schematic illustration of wild-type (WT) and mutant Keap1. (B) Con-
served /-structure in BTB/POZ fold of SKP1, PLZF, and Keap1. Identical and conserved residues are indicated by dark gray and light gray
shading, respectively. Residues in the SKP1 making contact with CUL1 are marked by asterisks. The mutated residues in the -sheet S3 and -helix
H4 (KEAP1S3H4 mutant) are shown at the bottom. (C) Schematic figures of wild-type CUL3, N41 (CUL3 in which the N-terminal 41 residues
were deleted), and helix 2 helix 5 mutant (H2H5) CUL3. (D) Sequence comparison of helix 2 (H2) and helix 5 (H5) of CUL1 and CUL3. Residues
in the H2 and H5 helices of CUL1 that make contact with SKP1 are marked by asterisks. Residues conserved in CUL3 are marked by shading.
The residues mutated in the CUL3H2H5 mutant are shown at the bottom. (E) 293T cells were cotransfected with the indicated plasmids expressing
Myc-tagged CUL3 (Myc3-CUL3) or HA-tagged KEAP1 (HA-KEAP1) (wild-type [WT] or mutant CUL3 or KEAP1). Twenty-four hours after
transfection, cells were lysed, and the CUL3-KEAP1 association was examined by IP-Western. IB, immunoblotting; -Myc, anti-Myc antibody.
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cultured cells led us to determine whether KEAP1 binds di-
rectly to these two proteins or requires an additional factor(s).
We expressed recombinant GST-KEAP1, His-NRF2, and His-
CUL3N197 and purified these proteins from bacteria. After in
vitro incubation, GST-KEAP1 protein was precipitated with
glutathione agarose beads, the bands were resolved by SDS-
PAGE, and binding with NRF2 and CUL3 was analyzed by
direct immunoblotting. GST-KEAP1, but not control GST
protein, binds to His-NRF2 (Fig. 4A), demonstrating that
KEAP1-NRF2 association is not dependent on an additional
factor(s) and that KEAP1-NRF2 interaction can occur inde-
pendently of CUL3. Phosphorylation of NRF2 by several ki-
nases (protein kinase C [PKC], mitogen-activated protein ki-
nase [MAPK]/ERK, phosphatidylinositol 3-kinase [PI3K], and
JNK) have been implicated in regulating NRF2-KEAP1 asso-
ciation or NRF2 stability (3, 4, 30), but the physiological sig-
nificance and molecular consequence of this phosphorylation
are yet to be determined. Our results indicate that NRF2
phosphorylation, if involved in the regulation of its association
with KEAP1, may influence the efficiency of, but is not re-
quired for, NRF2-KEAP1 association.
After in vitro incubation, recombinant GST-KEAP1, but not
control GST protein, binds to His-CUL3N197 (Fig. 4B). This
result demonstrated that KEAP1 can bind directly with CUL3
and that the N-terminal 197 residues of CUL3 are sufficient for
binding. We note that the efficiency of this in vitro binding
appeared to be lower than that of in vivo KEAP1-CUL3 asso-
ciation (Fig. 3; also see Fig. 5 below). We speculate that either
additional sequences or a modification of KEAP1 may influ-
ence its association with CUL3.
In vivo NRF2-KEAP1-CUL3-ROC1 complex. The associa-
tion of KEAP1 with NRF2 and CUL3 led us to determine
whether endogenous CUL3 associates with KEAP1 and NRF2
in vivo. A two-component CUL3-KEAP1 complex can be
FIG. 4. Keap1 binds to Nrf2 and CUL3 directly. (A) His-tagged NRF2 (His-NRF2) fusion protein was purified from bacteria and mixed with
bacterially purified GST or GST-KEAP1 fusion proteins immobilized on the glutathione agarose beads. NRF2-KEAP1 binding was examined by
immunoblotting (IB). -NRF2, anti-NRF2 antibody; -GST, anti-GST antibody. (B) His-CUL3N197 fusion protein was purified from bacteria and
mixed with bacterially purified GST or GST-KEAP1 fusion proteins immobilized on the glutathione agarose beads. CUL3N197-KEAP1 binding was
examined by immunoblotting (IB). -CUL3, anti-CUL3 antibody.
FIG. 5. Endogenous CUL3, KEAP1, and NRF2 form a complex.
293T cells were treated with MG132 or DMSO (	) for 4 h prior to
lysis. Cell lysates were immunoprecipitated (IP) with antibodies to
CUL3 (-CUL3), KEAP1 (-KEAP1), or NRF2 (-NRF2). Washed
immunocomplexes were resolved by SDS-PAGE, followed by immu-
noblotting (IB) with the indicated antibodies. IgG (H), immunoglob-
ulin G (heavy chain).
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readily detected by reciprocal IP-Western assay using both
CUL3 and KEAP1 antibodies (Fig. 5). Under the same assay
conditions, we could also readily detect NRF2 in the KEAP1
immunocomplex, but we could barely detect it in the CUL3
immunocomplex (longer exposure not shown). Reasoning that
the NRF2 substrate-CUL3 ligase interaction may be transient
and thus difficult to trap, we treated cells with MG132 to block
NRF2 degradation and examined the NRF2-CUL3 associa-
tion. Inhibition of proteasome activity resulted in an increase
in the level of KEAP1-NRF2 and readily allowed detection of
NRF2 in the CUL3 immunocomplex (Fig. 5). These results are
consistent with the interpretation that a quaternary NRF2-
KEAP1-CUL3-ROC1 complex exists in vivo and that the
NRF2-CUL3 interaction is sensitive to proteasome activity.
KEAP1-CUL3-ROC1 complex ubiquitinates NRF2 in vitro.
We next examined the in vitro ubiquitination of NRF2 by the
KEAP1-CUL3-ROC1 ligase complex. Anti-myc immunocom-
plexes were precipitated from either control, nontransfected
cells or from cells cotransfected with Myc-CUL3, T7-KEAP1,
and HA-ROC1 and incubated in vitro with purified FLAG-
NRF2 in the presence or absence of exogenously added ubiq-
uitin. High-molecular-weight smears characteristic of poly-
ubiquitination were readily detected by an anti-FLAG
antibody after incubation of FLAG-NRF2 with the myc immu-
nocomplex derived from triply transfected cells (Fig. 6B, lane
4), but not with an empty myc immunocomplex (lane 3). Omit-
ting either FLAG-NRF2 or ubiquitin abolished the polyubiq-
uitin smears, demonstrating that the detected polyubiquitin
chain was formed on exogenously added NRF2 and was syn-
thesized in vitro after the addition of ubiquitin, excluding pos-
sible contamination by other proteins present in the myc com-
plexes. To confirm the nature of polyubiquitinated product to
be NRF2, we reblotted the same membrane with an antibody
detecting NRF2 and observed virtually the same result (Fig.
6B, lower panel).
NRF2 accumulated if Keap1 or Cul3 was silenced. To obtain
in vivo evidence supporting KEAP1-CUL3-mediated NRF2
ubiquitination, we silenced expression of either the Keap1 or
Cul3 gene by RNA interference and determined the steady-
state level of NRF2 protein by direct immunoblotting. Trans-
fection of cells by plasmids expressing short interfering RNA
targeting either Keap1 or Cul3 achieved estimated 60 and 75%
reduction of both proteins, respectively, but had no significant
effect on the levels of other proteins (Fig. 7A). A substantial
accumulation of NRF2 protein was seen when Cul3 or Keap1
was silenced, with the silencing of Cul3 causing a higher level
of accumulated NRF2 than that of Keap1 (Fig. 7A).
To further confirm the function of Cul3 in promoting NRF2
degradation, we determined the level and subcellular localiza-
tion of GFP-NRF2 in response to Cul3 silencing. Ectopically
expressed GFP-NRF2, as expected, localized predominantly in
the nucleus with visible cytoplasmic staining (Fig. 7B). Coex-
pression of DsRed-Keap1 nearly completely abolished the
GFP signals. Silencing of Cul3 in cells coexpressing both GFP-
NRF2 and DsRed-KEAP1 accumulated NRF2, indicating that
Keap1-promoted NRF2 degradation requires the function of
CUL3. Notably, NRF2 that accumulated after Cul3 silencing
localized mostly in the cytoplasm (Fig. 7B). These results are
consistent with the interpretation that when KEAP1 is coex-
FIG. 6. KEAP1-CUL3-ROC1 complex ubiquitinates NRF2 in
vitro. (A) KEAP1-CUL3-ROC1 complex. 293T cells were cotrans-
fected with the plasmids expressing the indicated proteins, Myc-tagged
CUL3 (Myc-CUL3), T7-tagged KEAP1 (T7-KEAP1), and HA-tagged
ROC1 (HA-ROC1). Twenty-four hours after transfection, cells were
lysed and immunoprecipitated (IP) with anti-Myc antibody (-Myc).
Total lysates (lane 1 and 2) and immunoprecipitates (lanes 3 and 4)
were resolved by SDS-PAGE, followed by immunoblotting (IB) with
the indicated antibodies. (B) In vitro ubiquitination of NRF2. KEAP1-
CUL3-ROC1 complexes were prepared from triply transfected cells by
immunoprecipitation using myc antibody and used as the source of E3
ligase. Bacterially expressed and purified FLAG-tagged NRF2 was
incubated with KEAP1-CUL3-ROC1 complex, E1, E2, ubiquitin (Ub),
and ATP, and reaction mixtures were resolved by SDS-PAGE and
immunoblotted with the indicated antibodies.
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pressed with NRF2 but inhibited from degrading NRF2, NRF2
accumulates in the cytoplasm.
DISCUSSION
In this study, we demonstrate that Keap1 negatively regu-
lates the function of Nrf2, at least in part, by targeting NRF2
protein to the CUL3-ROC1 ligase for ubiquitination and sub-
sequent proteasomal degradation. Four lines of evidence sup-
port this conclusion. First, NRF2 is a short-lived protein with a
half-life of between 10 to 30 min, and KEAP1 promotes NRF2
degradation (18, 28, 30) (Fig. 1 and 2). KEAP1-mediated
NRF2 degradation appears to be direct and requires binding
with NRF2. Mutations in NRF2 disrupting its binding with
KEAP1 also abolished the ability of KEAP1 to promote NRF2
degradation and inhibit the function of NRF2 (28) (Fig. 2).
Second, endogenous NRF2, KEAP1 and CUL3 proteins can
form a ternary complex in a proteasome-sensitive manner (Fig.
5). Third, a KEAP1-CUL3-ROC1 immunocomplex can cause
efficient polyubiquitination in vitro (Fig. 6). Last, knocking
down either Cul3 or Keap1 by RNA interference resulted in an
accumulation of NRF2 (Fig. 7). These studies established an
important and direct role of Cul3 in the regulation of Nrf2, and
by extension, in mediating the cellular response to oxidative
stress.
During the preparation of this report, Kobayashi and col-
leagues reported a similar finding that Keap1 functions as an
adaptor for a Cul3-based E3 ligase to regulate proteasomal
degradation of Nrf2 (24). Several conclusions they reached—
that Keap1-mediated Nrf2 degradation requires direct binding
between the two proteins, that Keap1 associates with Cul3, and
that overexpression of Keap1 or a combination of Cul3 and
ROC1 promoted Nrf2 ubiquitination in vivo—are in agree-
ment with our findings. Additionally, we have demonstrated
that the KEAP1-CUL3-ROC1 immunocomplex caused polyu-
biquitination of NRF2 in vitro and knocking down either
Keap1 or Cul3 accumulated NRF2 protein in vivo. Together
with three previously identified substrates of CUL3-ROC1: the
catalytic subunit of Caenorhabditis elegans katanin MEI-1 tar-
geted by the BTB protein MEL-26 (10, 36), the human Rho
GTPase, RhoBTB2 (45), and Arabidopsis 1-aminocyclopro-
pane-1-carboxylic acid synthase (ACS) targeted by BTB pro-
tein ETO1 (44), these findings support the view that CUL3, via
its binding with multiple BTB domains, may function in mul-
tiple, and potentially a large number of, distinct ubiquitin li-
gases that are involved in multiple cellular processes.
There is one critical discrepancy between our study and that
of Kobayashi et al. (24). While we demonstrated that the BTB
domain of KEAP1 mediates the binding of KEAP1 with
CUL3, Kobayashi et al. reported that deletion of a sequence
outside the BTB domain, referred to as the intervening region
or IVR, but not deletion of the BTB domain, completely abol-
ished the association between KEAP1 and CUL3 (24). Given
the reports that the BTB domains derived from more than a
dozen otherwise distinct proteins have been shown to bind with
CUL3 (10, 13, 36, 44, 45, 46), the conclusion that the IVR, but
not the BTB, in KEAP1 mediates the binding with CUL3 is
surprising. The exact cause of the discrepancy is not clear.
KEAP1 has been reported to form a homodimer (42, 52). The
discrepancy could be reconciled if ectopically expressed
KEAP1BTB mutant retained its ability to bind with endoge-
nous wild-type KEAP1 and was coprecipitated with CUL3
indirectly, rather than directly binding to CUL3. Another pos-
sibility is that the BTB mutants used in two studies are dif-
FIG. 7. NRF2 accumulated when Cul3 or Keap1 was silenced. (A) 293T cells were cotransfected with the plasmid expressing FLAG-tagged
NRF2 and the indicated short hairpin RNA plasmids (shCul3 and shKeap1). Transfected cells were selected by puromycin (1 g/ml). Ninety-six
hours after transfection, selected cells were lysed, and 50-g samples of total lysates were resolved by SDS-PAGE and immunoblotted with the
indicated antibodies. RNAi, RNA interference. (B) The expression vector for GFP-NRF2 alone or for GFP-NRF2 and DsRed-Keap1 was
cotransfected with CUL3 short hairpin RNA plasmid or control short hairpin RNA plasmid to HeLa cells. After puromycin selection, the
expression and localization of GFP-NRF2 and DsRed-KEAP1 were examined by fluorescence or phase-contrast microscopy.
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ferent; while we removed residues 1 to 179, their BTB mutant
deleted residues 61 to 179. We have not determined whether
the remaining 60 N-terminal residues may have contributed to
the weak binding they observed. However, we also noticed that
in their study, deletion of the BTB domain significantly re-
duced the binding of KEAP1 with CUL3 and impaired the
ability of KEAP1 to promote NRF2 degradation. Both findings
are consistent with the idea that the BTB domain binds to and
is essential for the function of CUL3.
The mechanism underlying the contribution of the IVR to
KEAP1-mediated NRF2 degradation remains to be deter-
mined. Although it is clear from the study of Kobayashi et al.
(24) that deletion of this internal sequence situated between
the N-terminal BTB domain and the C-terminal NRF2-binding
Kelch repeats disrupted the binding of KEAP1 with CUL3,
how the IVR contributes to CUL3 binding—whether by di-
rectly binding to CUL3 or by contributing to the overall con-
formation of KEAP1 protein—is not known. Previous studies
have demonstrated that for those proteins tested, the BTB
domain is both required and sufficient for binding with CUL3.
A contribution by the sequence flanking the BTB domain to
the binding with CUL3 could, in theory, provide further reg-
ulation of the BTB-CUL3 association. This interesting possi-
bility remains to be investigated.
Two models have been proposed to explain the molecular
basis for the negative regulation of Nrf2 function by Keap1:
cytoplasmic sequestration and degradation of Nrf2. Our stud-
ies shed some light that may reconcile these two seemingly
incompatible models. We observed that when KEAP1-medi-
ated NRF2 degradation was inhibited, either by the inhibition
of proteasome activity (Fig. 2D) or by silencing of Cul3 (Fig.
7B), NRF2 was accumulated in the presence of KEAP1, and
accumulated NRF2 localized predominantly in the cytoplasm.
These observations suggest the possibility that a regulatory
step between KEAP1-NRF2 association and CUL3-dependent
NRF2 degradation may exist in vivo. While the existence of
such a regulatory event and the signal triggering the degrada-
tion of KEAP1-bound NRF2 are not known, it is conceivable
that such a regulatory step would allow cells to maintain a
certain level of NRF2, in a KEAP1-associated form, and the
ability to rapidly respond to oxidative condition. The challenge
remains to elucidate the signal(s) controlling KEAP1-NRF2
complex formation and/or subsequent NRF2 ubiquitination by
the CUL3-ROC1 ligase.
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